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Abstract In order to examine the changes in Walker
circulation over the recent decades, we analyzed the sea
surface temperature (SST), deep convective activities,
upper tropospheric moistening, sea level pressure (SLP),
and effective wind in the boundary layer over the 30-year
period of 1979–2008. The analysis showed that the eastern
tropical Pacific has undergone cooling while the western
Pacific has undergone warming over the past three decades,
causing an increase in the east–west SST gradient. It is
indicated that the tropical atmosphere should have
responded to these SST changes; increased deep convec-
tive activities and associated upper tropospheric moisten-
ing over the western Pacific ascending region, increased
SLP over the eastern Pacific descending region in contrast
to decreased SLP over the western Pacific ascending
region, and enhanced easterly wind in the boundary layer
in response to the SLP change. These variations, recog-
nized from different data sets, occur in tandem with each
other, strongly supporting the intensified Walker circula-
tion over the tropical Pacific Ocean. Since the SST trend
was attributed to more frequent occurrences of central
Pacific-type El Nin˜o in recent decades, it is suggested that
the decadal variation of El Nin˜o caused the intensified
Walker circulation over the past 30 years. An analysis of
current climate models shows that model results deviate
greatly from the observed intensified Walker circulation.
The uncertainties in the current climate models may be due
to the natural variability dominating the forced signal over
the tropical Pacific during the last three decades in the
twentieth century climate scenario runs by CMIP3
CGCMs.
Keywords Walker circulation  El Nino  Decadal
variation  Climate change over the tropics
1 Introduction
Global warming caused by an increased emission of
anthropogenic greenhouse gases has been occurring since
the industrial revolution (IPCC 2007), and the sea surface
temperature (SST) and heat content of tropical oceans have
increased significantly in recent decades (e.g., O’Carroll
et al. 2006; Levitus et al. 2009). Consequently, the geo-
graphical redistribution of diabatic heating can be expected
in response to the associated SST changes, causing circu-
lation changes in the atmosphere. Furthermore, there is
evidence that a long-term trend showing weakened Walker
circulation over the course of the twentieth century in both
climate models and observations of sea level pressure
(SLP) (Vecchi and Soden 2007), consistent with the
expectation that the circulation will be weakened because
of thermodynamic and hydrological constraints under the
warmed Earth–atmosphere system (Held and Soden 2006).
However, even if the slowdown of the circulation is
accepted as a long-term trend through both the twentieth
and the twenty-first centuries, we cannot rule out the pos-
sibility that the hydrological constraints or slowdown of the
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circulation may not occur locally or during short-term
climate changes. In fact, it has been shown that east–west
SST gradients over the tropical Pacific Ocean basin can be
increased through the contributions of ocean dynamics
(Clement et al. 1996; Sun and Liu 1996; Cane et al. 1997;
Seager and Murtugudde 1997; Karnauskas et al. 2009)
rather than the more homogenous SST increases often
shown in GCM simulations (e.g. Vecchi et al. 2008).
Therefore, enhanced east–west Walker circulation may be
expected despite global warming, in response to the SST
changes over the tropics.
In fact, satellite observations and reanalysis have indi-
cated the strengthening of the Walker circulation (Sohn and
Park 2010; Meng et al. 2011; Zahn and Allan 2011; Zhou
et al. 2011). In particular, microwave-based Special Sensor
Microwave Imager (SSM/I) measurements of the water
budget parameters indicated that the Walker circulation has
intensified over the 18-year observation period from 1988
to 2005 (Sohn and Park 2010). In this study, we seek fur-
ther observational evidence supporting the strengthening of
the Walker circulation over the recent three decades. In the
mean climatological Walker circulation over the tropical
Pacific, a broad ascending branch resides over the western
Pacific–Indian Ocean warm pool region, which is con-
nected to a descending branch over the eastern Pacific cold
waters. If Walker circulation is enhanced, deep convective
activities should enhance over the western Pacific ascend-
ing region. Because deep convective clouds are the main
contributors to the moistening of the upper troposphere
over tropical convective regions (e.g., Sohn et al. 2008;
Chung et al. 2009), increased upper tropospheric humidity
(UTH) can be expected in accordance with the increased
convection over the western Pacific. The eastern Pacific
descending branch, on the other hand, may get increasingly
dry. Because of the mass overturning caused by the
intensified upward motion over the ascending branch, the
eastern Pacific descending region should experience
increased SLP, establishing a stronger east–west SLP gra-
dient in conjunction with the decreased SLP over the
western Pacific ascending region. As a consequence, in the
lower branch of the Walker cell, easterly trade wind should
increase.
In this study, we examine the long-term variations in the
atmospheric variables that might be sensitive to changes in
the Walker circulation; we use satellite and surface
observations to examine whether these observations agree
with a working hypothesis of intensified Walker circula-
tion. We further examine the decadal SST variations over
the tropics as a possible cause of the intensified Walker
circulation. The results should be relevant to our current
level of understanding of the global climate change simu-
lations by climate models.
2 Datasets and analysis methods
The SST dataset used in this study is the Hadley Centre Sea
Ice and Sea Surface Temperature (HadISST; Rayner et al.
2003) given in a 1 9 1 grid format (downloaded from
http://hadobs.metoffice.com/hadisst/data/download.html).
Monthly mean values are available from 1850 onward, and
in this study, data from the last 30 years (1979–2008) are
used. It is worthwhile to note that we also analyzed the
extended reconstructed SST version 3 (ERSST v3, Smith
et al. 2008) in the same period (i.e., 1979–2008) and found
few results changed in spite of the use of different SST
datasets. It is because our main interest lies in the last three
decades from late 1970s. There exist some differences in
terms of their linear trends in the tropical Pacific among
multiple SST datasets (Deser et al. 2010; L’Heureux et al.
2012); however, such discrepancies are usually raised
when a long-term period of SST dataset is considered (e.g.,
Park et al. 2012). Thus, in this paper, all results are pre-
sented based on the HadISST data set.
Examining temporal and spatial variation in deep con-
vective activities over the tropics, we use the frequency of
occurrence of deep convective cloud obtained from the
weather state (WS) analysis of the International Satellite
Cloud Climatology Project (ISCCP) cloud data (Jakob and
Tselioudis 2003; Rossow et al. 2005). Various WS-related
cloud regimes (e.g., deep convective cloud, anvil, and
cirrus) were defined by applying the K-means clustering
method to cloud top pressure (CTP)-cloud optical thickness
(COT) histograms. It has been suggested that the WS
analysis largely reflects the cloud morphology and is less
sensitive to the satellite calibration or sampling method and
is thus more appropriate for examining the long-term trend
of convective activities (Tselioudis et al. 2010). Daily
occurrences of deep convective weather state (downloaded
from http://isccp.giss.nasa.gov/etcluster.html) are counted
at each grid point, and monthly frequencies are obtained by
cumulating the daily frequencies over the tropical and
subtropical regions (35N–35S) over the 25 years from
July 1983 to June 2008.
It is well known that deep convection is mainly
responsible for moistening the upper troposphere over the
tropics (Sohn et al. 2008). However, the moistening
mechanism over the descending region is rather compli-
cated because of lateral mixing with high-latitude air (Roca
et al. 2012). In order to relate changes in the UTH to
convective activities over the warm pool region, we use
three-decade-long NOAA HIRS channel brightness tem-
perature (TB) around the 6.7-lm water vapor absorption
band (Shi and Bates 2011), in which the channel’s
weighting function is around the 200–500 hPa layer.
Instead of converting the TB into relative humidity, only
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the TB trend is examined, as its variations are predomi-
nantly modulated by the UTH changes (Table 1 of Soden
and Bretherton 1993). Positive (negative) TB anomalies
from the mean condition represent drier (wetter) conditions
than normal. The monthly mean TBs of the HIRS water
vapor channel span 30 years (1979–2008) in the 2.5 grid
format and were downloaded from ftp://eclipse.ncdc.noaa.
gov/pub/hirs/hirsch12monthlygrid.
The monthly mean SLP data from the Hadley Centre
data version 2 (HadSLP2; Allan and Ansell 2006; available
from http://www.hadobs.metoffice.com/hadslp2) are used
to examine changes in the SLP gradient between the cen-
ters of the Walker circulation branches in the eastern
Pacific and western Pacific. From the collection of SLP
data, only 30-year (1979–2008) data given in 2 9 2 grid
format are used.
To examine whether surface wind variation is coherent
with the hypothesized increased Walker circulation or
other variables, the effective boundary-layer wind field is
obtained from water vapor transport scaled by the total
column water vapor (i.e., VE = Q/TPW, where Q is the
column-integrated water vapor flux). It is because the water
vapor is mainly transported through the lower returning
branch of the Walker circulation cell, and thus the effective
wind can be represented as the circulation intensity. On the
other hand, averaged boundary layer wind is difficult to use
as an index because of the varying boundary layer depth
across the Pacific Ocean basin. Detailed discussion on the
effective boundary-layer wind (VE) is found in Sohn and
Park (2010). It has been noted that the reanalysis results are
very similar to those suggested by the SSM/I measure-
ments. Because the SSMI observations are only available
from 1988 to 2005, we use ERA-Interim reanalysis data
(Simmons et al. 2006) for computing water vapor flux and
then VE, based on the assumption that the trend analysis
results would not be discernible from satellite observations.
In fact, it is noted that the trend of the east–west component
of the effective wind of ERA-Interim reanalysis, averaged
over the tropical Pacific (150E–165W, 15N–7.5N),
appears to be slightly smaller than an SSM/I-suggested
value (i.e., -0.046 ms-1 vs. -0.062 ms-1 per 10 years).
ERA-Interim reanalysis data provide moisture and wind
information at 37 levels from 1,000 to 1 hPa; however,
only the lowest 23 levels from 1,000 to 200 hPa are used
for the column-integrated water vapor flux calculation.
3 Results
In order to examine the spatially coherent patterns of tem-
poral variations in climate variables that are considered to be
facets of the Walker circulation changes, the Empirical
Orthogonal Function (EOF) analysis is conducted for the
SST, deep convection (DC), HIRS 6.7-lm water vapor
channel TB (hereafter referred to as TBWV), SLP, and water
vapor transport (WVP) effective wind (VE). The EOF
analysis is considered to be an effective way of analyzing
temporally varying spatial patterns for any field of interest
over a specified area. A trend analysis of the principal
component (PC) time series is also conducted, and the
obtained linear trend is considered for discussion if the
t test satisfies the 99 % confidence level (t [ 2.58 for
360 months). Results are displayed in Fig. 1.
The first EOF mode of the SST, contributing 40.4 % of
the total variance over 30 years (1979–2008) over the
tropical Indian and Pacific Oceans, depicts the well-known
El Nin˜o/La Nin˜a pattern (Fig. 1a). Note that the negative
anomalies situated over the central and eastern tropical
Pacific are largely comparable to the change of tropical
Pacific mean state (shown later in Fig. 3). By combining
the vector loadings with the associated PC time series, one
can find distinct positive SST anomalies over the equatorial
eastern Pacific and horseshoe-like cold anomalies sur-
rounding the warm anomaly regions during El Nin˜o years
such as 1982–1983, 1987–1988, and 1997–1998. Less
salient but positive anomalies are also clearly visible dur-
ing other El Nin˜o years (1986–1987, 1991–1992,
1994–1995, 2002–2003, 2004–2005, 2006–2007). During
La Nin˜a years, very low SST anomalies over the eastern
Pacific and high SST anomalies over the western Pacific
are noted.
The PC time series on the right panel shows that there
exists a significant positive trend. Recently, McPhaden
et al. (2011) and Feng et al. (2010) argued that there have
been systematic changes in the background conditions over
the last three decades, i.e., 1980–2010. They also showed
that the SSTs were slightly cooler in the eastern Pacific and
warmer in the western Pacific during the first decade of the
twenty-first century than during the last two decades of the
twentieth century; this result is consistent with the positive
trend shown in the first EOF PC time series (Fig. 1a).
The first EOF mode of DC anomalies, explaining
approximately 10.2 % of the total DC variance, shows a
dipole-like pattern over the tropical Pacific (Fig. 1b),
where a positive anomaly area is situated over the Maritime
Continent in contrast to the negative anomaly area over the
central Pacific between 150E and 150W. Dominant
positive loadings are also evident in the South Pacific
Convergence Zone (SPCZ) extending from east New
Guinea to the South Pacific over the 30S–150W region. It
should be noted that the time series shows a striking sim-
ilarity to that for SST PC1, including the positive linear
trend. Thus, over the tropical Pacific Ocean, deep con-
vective activities appear to be closely associated with
El Nin˜o and La Nin˜a events. For example, during the
1997–1998 El Nin˜o, deep convective activities were
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greatly suppressed over the western Pacific while consid-
erably enhanced deep convective activities were found
over the central Pacific. Furthermore, the long-term trend
of the PC time series of the EOF mode 1 of DC (Fig. 1b)
indicates that convective activities over the Indo-Pacific
warm pool have been enhanced for the last three decades,
in contrast to reduced activities over the central and eastern
tropical Pacific, which is largely consistent with a positive




















































































Fig. 1 First leading eigenvector and time series of the associated
principal component obtained from the EOF analysis of a SST, b DC,
c TBWV, d SLP, and e VE. Monthly anomalies are computed by
removing the mean seasonal cycle based on the 30 year climatology,
except DC, which is based on a 25-year mean
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The EOF mode 1 of TBWV shows a near one-to-one
correspondence to DC over equatorial areas (Fig. 1c),
suggesting that variations in deep convective activities are
the main cause of modulation of the UTH over the tropics.
Considering that positive (negative) anomalies of TBWV
imply drier (wetter) than normal conditions, we find that
the upper troposphere is much wetter during El Nin˜o years
over the central equatorial Pacific and much drier over the
Indian Ocean. Again, the PC time series shows a near one-
to-one correspondence to both the SST and the DC PC time
series. The close resemblance of the PC time series
between TBWV and DC, and SST strongly suggests that DC
anomalies in response to SST changes are directly
responsible for the moisture variations in the upper tropo-
sphere over the convectively active region. Since the upper
tropospheric moisture over the subtropics is significantly
influenced by later mixing with the air mass in the higher
latitudes (Roca et al. 2012), it is not surprising to find less
correspondence over the subtropical dry regions in com-
parison to the strong correlation found over the equatorial
region. Nevertheless, moisture variations over the sub-
tropical oceans during the El Nin˜o years appear to be lar-
gely controlled by the SST changes (and convection) there.
The EOF mode 1 of SLP, explaining 21.7 % of the total
variance, shows an east–west separated pattern in the
vector loading (Fig. 1d). The maximum negative loadings
situated over the western tropical Pacific to the eastern
Indian Ocean off west Australia are in contrast to the
maximum positive loadings in the southeastern tropical
Pacific, establishing a typical pattern of the Walker circu-
lation. In gross aspect, it is very similar to the oscillating
behavior of El Nin˜o/Southern Oscillation (ENSO) when
combined with the PC time series (Philander 1989). As
expected from SST variations in conjunction with phase
changes of ENSO, the PC time series of SLP mode 1 are
remarkably coherent with that of SST.
Similar to the PC time series of the first EOF SST mode
(Fig. 1a), it is evident that the PC time series of the first
EOF SLP mode shows a significant positive linear trend
(Fig. 1c). This clearly indicates that an east–west SLP
difference (SLP in the east minus SLP in the west) has
gradually increased during the last three decades, sug-
gesting that the trade winds across the tropical Pacific basin
became stronger. Not surprisingly, recent analysis of
Pacific Ocean Sea surface height trends from satellite
altimeter for the period of 1993–2009 also showed that
dominant regional trends of increasing sea surface height
over the western tropical Pacific have existed since the
early 1990s relative to the preceding 40 years (Merrifield
2011). Such trends should indicate intensified easterly trade
winds across the tropical Pacific.
The VE EOF first mode, explaining approximately
13.7 % of the total variance, generally shows easterly
loadings over the tropical Pacific and westerly loadings
over the tropical Indian Ocean, forming a convergence
loading over the western Pacific warm pool region. Thus,
when vector loadings are combined with negative PC
values during strong El Nin˜o years such as 1982–1983,
1997–1998, wind field anomalies in the boundary layer
must be strong westerlies over the tropical Pacific Ocean
basin, resulting in weaker easterlies (or reversed wind).
The PC time series is remarkably similar to that found from
four other variables, suggesting that all variables expressed
by EOF mode 1 are consistent with each other in the
context of strengthened Walker circulation over the last
three decades.
It should be noted that the PC time series of DC, TBWV,
SLP, and VE are all very similar to that of SST EOF mode 1;
correlation coefficients between any pair of variables are
listed in Table 1. Because the SST mode 1 represents a
typical (or canonical) El Nin˜o mode, the similar shapes of
fluctuations discovered in DC, TBWV, SLP, and VE strongly
suggest that their largest interannual variations are also
related to ENSO. For example, during the 1997–1998 El
Nin˜o in which warm SSTs were prevalent in the equatorial
Pacific, deep convective clouds were much suppressed in the
western Pacific. Prevailing dryness over the western Pacific
and Indian Ocean is clear when the positive TBWV anomalies
are taken into consideration, in response to suppressed deep
convective clouds there. Overall, a shift of pressure pattern is
obvious for the 1997–1998 El Nin˜o period. Anomalous
winds should be westerlies from the higher-pressure area
over the western Pacific to the lower pressure area over the
eastern Pacific, resulting in the well-known water vapor
transport to the central Pacific (Sohn et al. 2004).
The close relationship of interannual variation in DC,
TBWV, SLP, and VE first EOF mode to the ENSO variation
is also evident in the regressed patterns against the NINO3
SST index, which is defined as the anomalous SST aver-
aged in the NINO3 region (i.e.: 150W–90W, 5N–5S).
As expected, it is noted that the spatial patterns of
regressed parameters associated with ENSO are similar to
those vector fields found in first EOFs (not shown here).
The similarity implies that the first EOFs of different
Table 1 Correlation coefficient between paired EOF mode 1 time
series
DC TBWV SLP VE
SST 0.82 0.80 0.70 0.74
DC 0.90 0.74 0.86
TBWV 0.70 0.80
SLP 0.83
DC deep convective cloud, TBWV HIRS 6.7 lm channel brightness
temperature, SLP sea level pressure, VE water vapor transport effec-
tive wind
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parameters shown in Fig. 1 capture the variabilities in
relation to ENSO.
Considering the SST PC time series correlation coeffi-
cients of 0.82, 0.80, 0.70, and 0.74 with DC, TBWV, SLP,
and VE, respectively, we find that the SST changes cause
coherent fluctuations amongst them. It is also clear that the
UTH over the convective area is strongly controlled by
deep convective activities. A highly correlative pattern is
found between the SLP and the VE PC time series, with a
correlation coefficient of 0.83, suggesting that the effective
wind deduced from water vapor transport must be closely
tied to the surface pressure pattern.
More importantly, all PC time series show similar
increasing trends at a 99 % confidence level. Recently, it
has been reported that a new type of El Nin˜o has emerged
and has been given various names, e.g., date line El Nin˜o
(Larkin and Harrison 2005), El Nin˜o Modoki (Ashok et al.
2007), central Pacific El Nin˜o (Yeh et al. 2009; Kao and Yu
2009), and warm pool El Nin˜o (Kug et al. 2009). This type
of El Nin˜o, referred to as central Pacific (CP) El Nin˜o in
this study, is characterized by anomalous warming in the
central Pacific, in contrast to the conventional El Nin˜o that
shows the largest warming in the eastern Pacific and which
is referred to as eastern Pacific (EP) El Nin˜o in this study.
Increasing frequencies of CP El Nin˜o are noted for the past
three decades (for example, McPhaden et al. 2011). In
order to examine the possible relations of the increasing
trends found in the EOF mode 1 analysis to the El Nin˜o
variability, we also calculate intensities of El Nin˜o and La
Nin˜a events following the approach of Lee and McPhaden
(2010). Intensities are obtained within the central equato-
rial Pacific NINO4 region (160E–150W, 5N–5S) and
within the eastern equatorial Pacific NINO3 region
(150W–90W, 5N–5S) over the 30-year analysis period
from 1979 to 2008 (Fig. 2). The ENSO variations shown in
both indices indicate that the CP El Nin˜o occurred more
frequently than the EP El Nin˜o in recent decades. In
addition, the last decade of the analysis period (i.e.
1999–2008) is characterized by no strong EP El Nin˜o such
as 1982–1983 and 1997–1998 ones. By contrast there is no
obvious trend of La Nin˜a events in both frequency and
intensity.
From above analysis, it is conjectured that the time
series of SST mode 1 reflects fewer occurrences of con-
ventional EP El Nin˜o in the recent decade, in which their
magnitude has become weaker. Conversely, the more fre-
quent occurrence of CP El Nin˜o, over the last 10 years
(as shown in Fig. 2) appears to induce relatively cold



































































































































Fig. 2 Intensities of El Nin˜o and La Nin˜a events in the central
equatorial Pacific (NINO4 region, left panel) and in the eastern
equatorial Pacific (NINO3 region, right panel) over the 30 year
analysis period (1979–2008). The intensities of El Nin˜o and La Nin˜a
events in the CP (EP) region are determined from the peak values of
the three-month (December–January–February) smoothed Nin˜o4
(Nin˜o3) index
1726 B. J. Sohn et al.
123
anomalies over the eastern Pacific and warm anomalies in
the western Pacific. Indeed, fewer occurrences of EP El
Nin˜o and associated lower warming in the Pacific cold
tongue in recent years appear to have caused the SST trend
in the EOF mode 1, and other atmospheric variables should
have followed the SST changes.
4 Impact of decadal variations in El Nin˜o
on the changes in the Walker circulation
We hypothesize that the more (less) frequent occurrence of
CP (EP) El Nin˜o in the last decade is the main cause of
development of the distinct cooling SST trend and that
other variables are coherent because of the response of the
atmosphere to SST changes in the tropical Pacific. In order
to examine this view, anomalies of five variables from the
EOF mode 1 are constructed. Given the fact that the first
decade of the twenty-first century is characterized by the
predominant occurrence of CP El Nin˜os (McPhaden et al.
2011), we take composite means for two periods, i.e., first
20 years (1979–1998) and last 10 years (1999–2008) over
the last three decades.
To demonstrate the structural changes in five variables
caused by El Nin˜o variability over the last three decades,
differences of the variability reconstructed by each first EOF
mode in the two temporal periods (1999–2008 minus
1979–1998) are shown in right panels of Fig. 3. Also shown
are the differences in mean fields over the same periods (left
panels). It is done so because the EOF SST mode 1 represents
the EP El Nin˜o variability, and thus the mode 1 component
difference is able to represent the mean SST difference due to
the EP El Nin˜o characteristics between the two periods, i.e.,
decreased EP El Nin˜o frequency and weakened intensity
from 1979–1998 to 1999–2008. We assume that if EP El
Nin˜o variability does not occur much between the two
periods, there should be few meaningful patterns or signa-
tures in the mode 1 difference.
First, we note that there is a similarity between mean
field differences and mode 1 component differences. It is
clear that systematic changes contributing to the mean field
changes occur according to El Nin˜o mode, and they are
indeed associated with the El-Nin˜o-type changes over the
last three decades. During the last decade (1999–2008),
SSTs decreased; DC was suppressed; the upper troposphere
became drier; and SLP became higher over the eastern
tropical ocean than their corresponding values in the pre-
vious two decades (1978–1998). In contrast, the western
Pacific revealed warmer SST, enhanced deep convective
activities, a wetter upper troposphere, and slightly lower
SLP during the last decade. Further, a strengthened east–
west SLP gradient was established, causing strengthened
easterlies. The stronger boundary-layer effective easterlies
over the central tropical Pacific are consistent with the
strengthened east–west SLP gradient over the tropical
Pacific (and thus strengthened Walker circulation).
The geographical distributions of SST changes are
nearly the same as those in full-blown EP El Nin˜o, except
for the sign change, and the changes noted in other vari-
ables should be, in part, the atmospheric responses to the
given SST changes. It is suggested that these structural
changes reflected in the SST and other variables are likely
due to fewer occurrences of EP El Nin˜os during the last
decade, as discussed in the EOF analysis. It is further
suggested that the frequent occurrences of CP El Nin˜os
during the recent decades did not warm the eastern Pacific
cold tongue as much as before, while still warming the
western Pacific, resulting in a more La Nin˜a-like pattern.
The EOF mode 1 (or El Nin˜o mode) should have con-
tributed to the basic mean field with a trend that reflects
strengthened Walker circulation over the recent three
decades. As more occurrences of the new type of CP El
Nin˜o in the recent decade brought about SST changes and
changes in other variables consistent with the strengthened
Walker circulation, we conclude that the decadal variations
in El Nin˜o cause the strengthened Walker circulation.
5 Changes in the Walker circulation in climate model
simulations
Since there has been a strengthened Walker circulation for
the last three decades caused by the shift of the El Nin˜o
pattern, it is of much interest to examine how climate
models simulate increasing Walker circulation owing to the
decadal variation in El Nin˜o. Because the boundary-layer
effective wind derived from water vapor transport mainly
reflects the return flow from the subsidence region to the
ascending region in the Walker circulation cell, we use the
effective wind as an index of Walker circulation intensity.
This analysis mainly focuses on the model outputs from the
Program for Climate Model Diagnosis and Intercomparison
(PCMDI), which participated in the Fourth Assessment
Report (AR4) of the Intergovernmental Panel on Climate
Change (IPCC). These archived data constitute phase 3 of
the World Climate Research Programme (WCRP) Coupled
Model Intercomparison Project (CMIP3; Meehl et al.
2007). Among 12 scenarios, the twentieth century climate
(20C3M) and 720 ppm CO2 stabilization experiment
(SRESA1B) are used in this study. Outputs from a total of
21 model members are used for calculating boundary-layer
effective winds. Available data vary for the 1850–2009
period; however, the datasets mainly cover the 1900–1999
period (twenty-first century, 100 years). Detailed descrip-
tions about the models and datasets are found at
http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php.
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To examine the changes in Walker circulation, the east–
west component of the boundary-layer effective wind is
averaged over the tropical Pacific domain (120E–120W,
12.5N–12.5S), as in Sohn and Park (2010). However, in
contrast to the index used by Sohn and Park (2010), the
easterly wind is considered positive so that the increased
effective easterly wind can be interpreted as an intensified
Walker circulation. The magnitude of the averaged easterly
component of the boundary-layer effective wind over the
chosen box is defined as a Walker circulation index (now
referred to as WCI).
The WCI time series are given in Fig. 4a and associated
trends for the data-available periods after 1979 are given in











Mean difference Mode 1 difference
Fig. 3 Decadal differences (1999–2008 minus 1979–1998) of mean fields (left panels) and contributions to the mean fields by EOF mode 1
(right panels)
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GFDL-CM2.1, and ECHAM5/MPI-OM) are highlighted
since they are considered to be best models for simulating
ENSO statistics (Van Oldenborgh and Burgers 2005). The
corresponding WCI trends are calculated from times series,
and results are given in Fig. 4b. The horizontal line in
Fig. 4b represents a WCI trend of 0.062 m s-1 per
10 years, inferred from the SSM/I estimate of WCI (Fig. 5
of Sohn and Park 2010). Note that there seems to be no
agreement regarding the weakening or strengthening of the
Walker circulation amongst the 21 CMIP participating
models; 11 models show strengthened Walker circulation
at least over the 20 years from 1979, whereas 10 models
show weakened Walker circulation. Moreover, WCI trends
are much smaller than the SSM/I-suggested value of
0.062 m s-1 per 10 years, even if only results showing
positive trends are considered (Fig. 4b). The fact that the
range of GCM Walker circulation trends over the last
30 years is far different from the observed trend may
indicate that there exist large uncertainties and biases in
CMIP3 models in simulating the strengthened Walker
circulation in recent decades. Because the twentieth cen-
tury climate scenario run is driven by a realistic external
forcing in the present climate, we expect the CMIP3 model
outputs to be similar to the range of the observed atmo-
spheric circulation (here, strengthened Walker circulation).
However, the lack of consensus amongst model outputs
strongly suggests that uncertainties in model outputs are
too large to reproduce decadal variations in El Nin˜o in
terms of their spatial pattern and thus appear to be too
uncertain to discuss the strengthened Walker circulation in
recent decades using model outputs. According to recent
study (Ham and Kug 2012), most of the CMIP3 models
have serious systematic problems in simulating the dis-
tinctive SST patterns associated with the CP and EP El
Nin˜o. Therefore, we suspect that the failure to accurately
simulate the two types of El Nin˜o (i.e., CP and EP El Nin˜o)
in the CMIP3 models may have led to unsuccessful sim-
ulations of the strengthened Walker circulation observed in
recent decades.
6 Summary and discussion
We considered the intensified Walker circulation in recent
decades as a working hypothesis. Variations in meteoro-
logical or surface variables are expected to agree with the
intensified circulation, i.e., increased deep convective
activities and associated upper tropospheric moistening
over the western Pacific ascending region and increased
SLP over the eastern Pacific descending region in contrast
to decreased SLP over the western Pacific ascending
region; an enhanced easterly wind is expected in the
boundary layer over the entire tropical Pacific basin in
response to the increased east–west SLP gradient. The
results shown in this study are rather consistent with such
expected changes in meteorological variables, indicating
that the Walker circulation should have intensified over the
past three decades.
As a cause of the intensified Walker circulation, we
proposed the frequent occurrences of CP El Nin˜o in the
most recent decade, as a result of which the eastern tropical
Pacific and western Pacific have undergone cooling and
warming, respectively, over the three decades. All other
variables (deep convective clouds, UTH, SLP, boundary-
layer effective wind from the water vapor transport field)
over the 1979–2008 period, whose datasets are independent
of each other, clearly demonstrate that their variations and
trends are coherent with the SST trend caused by the shift
in the type of El Nin˜o and are thus consistent with the
intensified Walker circulation. As the signals produced by
El Nin˜o modes of variables closely resemble the mean field
changes, it is further suggested that the decadal variation in
El Nin˜o should be the main contributor to the intensified
Walker circulation.
The climate models appear to be unsuccessful in
reproducing such trends. The uncertainties in the current
climate models may be attributed to the natural variability
Fig. 4 a Time series of the Walker circulation index (WCI) for 21
CMIP3 model outputs and SSM/I. b WCI trend calculated for the
available data period after 1979. In b, the red horizontal line
represents the WCI trend inferred from the WCI time series for SSM/I
in a. Definition of WCI is found in the text







Fig. 5 The spatial pattern of
regressed a SST, b DC,
c TBWV, d SLP, and e VE
against the PDO index for the
period of 1979–2008
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dominating the forced signal over the tropical Pacific
during the last three decades in the twentieth century cli-
mate scenario runs by CMIP3 CGCMs or to the fact that
the models are not accurate enough to produce the decadal
oscillations that caused the strengthened east–west SST
gradient. The 30-year analysis period, however, appears
too short to discuss whether the strengthened Walker cir-
culation is due to global warming or natural variation in the
Earth-atmosphere climate system independent of the
warming trend; Chadwick et al. (2012) described a GCM
experiment where multi-decadal SST changes in the trop-
ical Pacific cause the Walker circulation to oppose the
anthropogenically-forced mean change in the tropical cir-
culation for several decades.
Apart from these results, other mechanisms that could
explain the increased Walker circulation exist. For exam-
ple, the mean background state change over the three
decades might be connected to the Interdecadal Pacific
Oscillation (IPO; Parker et al. 2007) or Pacific Decadal
Oscillation (PDO; Mantuna et al. 1997), which is the most
dominant SST variability in the Pacific Ocean on the low-
frequency timescales. Examining the possible connection
of the strengthened Walker circulation to the IOP or PDO,
SST, DC, TBWV, SLP, and VE are regressed against the
monthly PDO index (Mantuna et al. 1997) over the analysis
period (Fig. 5). Because the IPO index shows a negative
trend since 1980, its regressed SST pattern is characterized
by a triangular shape of cooler SST in the tropical eastern
Pacific (i.e., La Nin˜a-like condition) (Fig. 5a). The
regressed patterns of DC, TBWV, SLP, and VE (Fig. 5b–e)
all appear to be well correlated with the SST pattern,
showing similar behaviors noted in the EOF analysis
(Fig. 1). Therefore, one cannot rule out the PDO (IPO) in
the Pacific Ocean basin on the low-frequency time scales as
a possible cause of inducing the change of tropical Pacific
mean state toward a more La Nin˜a-like condition.
Conversely, one may argue that the intensified back-
ground Walker circulation can cause changes in El Nin˜o
characteristics. According to previous studies (Kug et al.
2009; Lee and McPhaden 2010; McPhaden 2012), it has
been suggested that the mechanism of CP El Nin˜o occur-
rence is closely associated with the zonal advective feed-
back process, in which anomalous zonal currents and mean
SST zonal gradient are combined to enhance SSTs over the
western Pacific. Thus, an enhanced Walker circulation may
contribute to an increased zonal advective feedback by
changing the mean SST zonal gradient and anomalous
zonal currents through air–sea coupled processes in the
tropical Pacific. In addition, it may be possible that the
enhanced Walker circulation leads to a strong atmospheric
stability over the eastern tropical Pacific due to the stronger
sinking motion, which brings in weak ocean-atmospheric
feedback processes there. Under such conditions the
occurrence of EP El Nin˜o may be suppressed, changing El
Nin˜o characteristics. By taking all these possible connec-
tions between the increased Walker circulation and SST
variations into account, much effort including model
experiments would be needed to explore more details of
these interactions.
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